The interfacial structure of SrZr x Ti 1−x O 3 films grown on semiconducting Ge substrates are investigated by synchrotron X-ray diffraction and first-principles density functional theory. By systematically tuning Zr content x, the effects of bonding at the interface and epitaxial strain on the physical structure of the film can be distinguished. The interfacial perovskite layers are found to be polarized as a result of cation-anion ionic displacements perpendicular to the perovskite/semiconductor interface. We find a correlation between the observed buckling and valence band offsets at the SrZr x Ti 1−x O 3 /Ge interface. The theoretical valence band offsets for the polar structures are in agreement with reported X-ray photoelectron spectroscopy measurements.
The monolithic integration of complex transition metal-oxides on semiconductors provides a route to introduce additional material functionalities to semiconductor-based technologies.
[ [1] [2] [3] [4] [5] [6] [7] [8] Complex oxides exhibit short electronic length-scales over which material behavior can be altered, and thus have great potential for use in highly-scaled device technologies. In the ultra-thin limit of these complex oxide materials (1-10nm), the coupling of electronic and structural order parameters leads to emergence of novel physical properties not found in the bulk constituent materials. [9] [10] [11] [12] [13] In this regard, (100)-oriented surfaces of diamond-cubic semiconductors impose mechanical and electrostatic boundary conditions that can induce novel changes in the physical and electronic structure of ultra-thin epitaxial oxides.
The interface between SrTiO 3 (STO) and Si serves as an archetype system to understand the effects of mechanical and electrostatic boundary conditions imposed by the substrate.
Studies of the STO/Si system reveal the presence of a fixed polarization that is initiated by charge transfer at the interface and enhanced by epitaxial strain. [8, 14, 15] . However, separating the effects of interfacial bonding from epitaxial strain on physical structure is challenging through a study of the STO/Si system alone. Furthermore, elucidating the effects of the polarization on band alignment, which is a key property governing material functionality, has yet to be experimentally explored.
In comparison, the epitaxial SrZr x Ti 1−x O 3 (SZTO)/Ge system provides a model system for detangling the role of strain and electrostatic boundary conditions on the interfacial structural and electronic properties of perovskite oxide/semiconductor interfaces. By varying the Zr content x, from 0 to 1, the strain in the oxide layer can be continuously varied from tensile to compressive strain, while maintaining the chemical composition of the STO/Si interface. Additionally, the oxide band gap can be tuned from 3.2 eV for STO to 5.6 eV for SrZrO 3 (SZO),which enables the band alignment to be altered from type II (staggered type) to type I (straddling type) [16] [17] [18] . X-ray photoelectron spectroscopy (XPS) and transport measurements have demonstrated a change in the band alignment from type II (staggered type) to type I (straddling type) as the Zr content is increased. [16] Thus, the effects of interfacial structure on band-alignment can also be determined.
In this study, we use a combination of first-principles density functional theory (DFT) and high resolution synchrotron X-ray diffraction measurements of crystal truncation rods to determine the atomic-scale structure of nominally 2.5 unit cell (uc) thick SZTO films grown on Ge as a function of the Zr content. Symmetry-breaking polar displacements of oxygen anions relative to the metal cations normal to the plane of the film are found from the analysis of crystal truncation rods in the SZTO films for all Zr content. An upward polarization is observed at the interface and throughout the film for films under compressive strain. In contrast, a reversal in the direction of the polarization near the top surface is observed for films under large tensile strain. First-principles density functional calculations are used to confirm the measured interfacial structures and elucidate the effects of interfacial polarizations found in the films on the band alignments at the SZTO/Ge interface. We find that the calculated band-offsets from DFT are in agreement with previously reported photoelectron spectroscopy measurements. [17, 18] SZTO films were grown on Ge(001) substrates using molecular beam epitaxy. The atomic-scale structures of the films were determined by fitting the CTRs using the GENX genetic fitting algorithm. [10, 15, 19 ] Figure 1 (a-c) shows the measured CTRs and simulated intensities of the best-fit structures for the SZTO/Ge samples for x=0, 0.3 and 1
respectively. Convergence of the fits were evaluated using the crystallographic R-factor where R-factor=
. F measured and F calculated are the measured and calculated crystallographic structure factors respectively. The atomic coordinates along the z-direction, Debye-Waller factors and layer occupations were varied until convergence of the R-factor was achieved for each sample. To determine the oxygen content of the interfacial SrO y layer, we allowed the oxygen occupation parameter for this layer to vary; however, it converged on values close to 0. Hence, we conclude that the first perovskite layer is a Sr layer. This is consistent with a 1x1 structure due to the destabilization of the Ge dimerization resulting from charge transfer from the oxygen vacancy to the interfacial Ge layer. [10] The converged R-factors for the x=0, x=0.3 and x=1 films are 7%, 5% and 6% respectively.
Theoretical structures were calculated for x=0, x=0.5 and x=1.0 using DFT for comparison with the measured structures. The DFT calculations were performed using the Quantum Espresso [20] software package with Perdew-Burke-Ernzerhof exchange functionals [21] .
For the 50% Ti/Zr mixture the virtual crystal approximation was utilized to construct the pseudo-potential. The wave function and density energy cutoffs were chosen to be 60 and 240 Ry, respectively, and a 13 × 13 × 1 momentum grid was used. The calculations con- The experimental layer-resolved out-of-plane lattice constants for the films were determined from the vertical spacings between the Sr planes for the best-fit structures from the CTR measurements and are summarized in Table I The bulk pseudo-cubic lattice constant of (SZTO x=1.0) is 4.15Å [22, 23] , hence, there is a transition from tensile strained (SZTO x=0) to compressively strained (SZTO x=1.0) on Ge as the Zr content is increased.
Zr
Sr int z - ref. [16] and ref. [18] respectively.
In conclusion, polar distortions are observed at the interface between SZTO films and Ge. The distort ions are found to evolve with the distance from the interface and the Zr content. Using DFT, we find that suppressing the polar distortions leads to an electronic reconstruction which significantly modifies the interfacial band offsets. These results highlight the interplay between the atomic-scale structural properties of oxide-semiconductor interfaces and relevant technological properties such as band offsets.
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